A C15 Laves phase Ir 2 Y that forms in the Ir-Y binary system develops off-stoichiometry toward the Ir-rich composition at high temperatures, and its range of homogeneity becomes narrow with decreasing temperatures. One consequence of this solubility behavior is the formation of Ir 3 Y precipitates within the Ir 2 Y matrix of an Ir-30 mol%Y alloy. The orientation relationship between Ir 3 Y and Ir 2 Y has been identified as: ð0001Þ Ir3Y == ð111Þ Ir2Y and ½2 1 1 1 10 Ir3Y == ½ 1 110 Ir2Y . The similarity in the crystal structures of the two phases yields a plate-like Ir 3 Y precipitate showing a typical Widmanstätten structure. The growth of the precipitates has been suggested to follow the ledge mechanism. The interfacial character between the two phases has been identified in this study.
Introduction
Laves phases are among the most common intermetallic compounds that appear in a number of binary and multicomponent systems. 1) Laves phases have been considered as deleterious products that degrade the mechanical properties of structural materials, however their remarkable mechanical and physical properties have been recognized and have induced much research interest in recent years. Some of the promising application fields include high temperature structural materials, [2] [3] [4] [5] [6] precipitation strengthening phases for heat resistant steels, 7, 8) magnetoelastic materials, 9) and hydrogen storage materials. 10) A Laves phase is characterized by an A 2 B-type compound, where the smaller A atoms and the larger B atoms form tetragonal clusters that become arranged into topologically close-packed forms. [11] [12] [13] Three crystal structures that commonly appear are cubic C15, and hexagonal C14 and C36. They are all comprised of the same basic structure unit with different stacking sequences. Although a lot of effort has been made into the elucidation of factors that control the stability of the Laves phases, [14] [15] [16] there still seems to be lack in comprehensive understanding between the atomic size and the attributes of the electronic structure. In addition, the factors that determine the range of homogeneity are still unclear. The stability of Laves phases is shown to be sensitive to the size of constituent atoms, [16] [17] [18] in which the ideal ratio for the closest packing is 1.225 in the binary alloys systems. Many Laves compounds do not exhibit a large range of homogeneity. Among the 219 of the C15 Laves phases in the binary systems, 73% of them do not exhibit a defined solubility. 18) Moreover, the homogeneity ranges of the Laves phases most often exhibit a negligible change with temperature. This solubility behavior provides a limited opportunity for second phase precipitation within the Laves phase matrix. On the contrary, we have demonstrated that a C15 Laves phase of Ir 2 Y is one of the exceptions that form precipitates within the Lave phase matrix. 19) An Ir-rich portion of the Ir-Y binary phase diagram ( Fig. 1) shows that the Ir 2 Y phase develops off-stoichiometry toward the Ir-rich composition at high temperatures, and its range of homogeneity becomes narrow with decreasing temperature. One consequence of this solubility behavior is the formation of Ir 3 Y precipitates within the Ir 2 Y matrix in an Ir-30 mol%Y alloy. 19) In this study, the precipitation of Ir 3 Y in Ir 2 Y is investigated with a special focus on the growth behavior and the interfacial structures. The orientation relationship between the two phases, as well as their interface characters, are examined by transmission electron microscopy. The lattice correspondence and the phase transformation behavior are discussed.
Experimental Procedures
Ir-30 mol%Y alloys were prepared by arc-melting high purity raw materials under an Ar atmosphere. Hereafter the 19) alloy composition is given in mole (atomic) percent. The arcmelted Ir-30Y alloys were annealed in a tungsten heater furnace under vacuum (10 À3 Pa) at 1973 K, followed by furnace cooling. Phase identification and lattice parameter measurements were conducted by X-ray diffractometry. The Rietveld refinement for the XRD profiles was made using the RIETAN-2000 software. 20) The microstructures of the alloys were characterized by scanning electron microscopy (SEM) and transmission electron microscopy (TEM). The foils for TEM were prepared by an ion-miller with an acceleration voltage of 4 kV. The TEM examination was conducted with JEM-2000FX and TECNAI-G2-F30 microscopes. The image simulation for high-resolution electron microscopy was done using a commercial software. 21) 3. Results Figure 2 shows the SEM micrographs of the Ir-30Y alloys. Ir 2 Y was formed as the primary solidification phase, followed by the formation of an (Ir)/Ir 3 Y two-phase microstructure in the as-cast Ir-30Y alloy ( Fig. 2(a) ). The precipitation of Ir 3 Y had already started during cooling following arc-melting. Thin plates of Ir 3 Y precipitates formed at the grain interior of the Ir 2 Y matrix. After annealing at 1973 K for 100 hours, the precipitation of Ir 3 Y progressed further to exhibit a typical Widmanstätten structure as shown in Fig. 2(b) .
Microstructures and constitutional defect mechanism
Image analyses on the SEM micrographs have revealed that the volume fractions of Ir 3 Y precipitates are about 8% for the as-cast alloy and 44% for the annealed alloys. This suggests that a fairly large degree of supersaturation has been retained in the Ir 2 Y phase in the as-cast condition. To clarify the defect mechanism of an Ir-rich Ir 2 Y phase, the Rietveld analysis was conducted on the XRD profiles of an as-cast Ir-30Y alloy. Upon Rietveld refinement, two models, (i) anti-site substitution of Ir on Y sites and (ii) constitutional vacancy development on Y sites, were examined under the conditions of the fixed atom positions that are given in the reference. 22) The peaks from Ir and Ir 3 Y are also included in the analysis. A much better fitting was obtained in the XRD profiles in the anti-site substitution model than in the constitutional vacancy development. Figure 3 shows the result of the Rietveld refinement. The structure parameters are summarized in Table 1 . The site occupancy of Y on the 8b site was evaluated to be 0.8423, and the rest of the 8b site was occupied by Ir. Thus, the Y concentration of the Ir-rich Ir 2 Y phase is calculated to be 28.1 mol%, which is in reasonable agreement with the terminal composition of Table 1. 29.2 mol% at the peritectic temperature as shown in Fig. 1 . The present result also agrees with the tendency for the presence of a number of binary Laves compounds, where the anti-site substitution is likely to occur for the extensions of the homogeneity ranges to the smaller atom rich side. 16, 18) 3. -3m MgCu 2 -type, C15) and hR36 (R-3m, PuNi 3 -type), respectively. 22) The orientation relationship (OR) between the two phases has been identified as:
The interfaces of the two phases coincide with the above planar parallelism. Based on the crystal structure examinations of Ir 2 Y and Ir 3 Y, the sectioning of the {0001} planes of Ir 3 Y was found to have rather similar atomic arrangements and layer stacking sequences to those of the {111} planes in Ir 2 Y. Figure 5 shows the atomic arrangements of the layers for f111g (1) implies that they satisfy a faceon-face matching by either of the identical layers at the interface. From the XRD measurements on an Ir-30Y alloy Under the defocused condition in Fig. 6(a) , the bright spots correspond to the close-packed Ir columns in the K-layers, which agrees with the image simulation shown in the right side of the micrograph. Since the contrast in HAADF-STEM images depends strongly on the atomic number (Z-contrast), the close-packed Ir columns appear as bright spots, the gray regions to the Ir columns with a lower atom density, and the dark regions to the Y columns, respectively in Fig. 6(b) . According to the OR expressed by eq. (1) The OR in Fig. 6 In such a case, the definition of the interface between the two phases is ambiguous; however, at the same time the interfacial energy would be low.
Growth mechanism
The development of a Widmanstätten structure indicates that a large difference in the relative mobility of growing interphase boundaries yields a highly elongated plate-like morphology for the Ir 3 Y precipitates. The barrier to the growth along the thickness direction of the plate-like precipitates is the low energy interfaces. In such case, the growth of the precipitates is often governed by the ledgewise growth mechanism. 23, 24) Figure 8 shows an evidence for the ledge growth of the Ir 3 Y precipitates observed in an annealed Ir-30Y alloy. The bright field image was taken near an intersection of two Ir 3 Y precipitates, and the ledges are indicated by the triangles. These ledges are believed to be growth ledges since much fewer ledges were observed away from the intersection of the two precipitates. One reason for the accumulation of growth ledges near the intersection of two precipitates is that the mobility of these ledges were lowered by the reduced driving force for precipitation in the vicinity of another precipitate variant. The ledge spacing in Fig. 8 is believed to be dominated by the elastic energies associated with the ledge, as well as the degree of soft impingement; however, the evaluation of these factors is beyond the scope of this paper. The height of the ledges is not clear, but appears to be a couple of nm. A number of staking faults are also visible within the Ir 3 Y precipitates. Figure 9 shows an HRTEM image of a ledge on the face of the Ir 3 Y precipitates viewed edge-on along the ½2 1 1 1 10 Ir 3 Y == ½ 1 110 Ir 2 Y direction in an as-cast Ir-30Y alloy. The riser of the ledge is not clear in the micrograph, probably because it is not edged-on from this direction. The height of the ledge denoted by ''h'' in the micrograph shows an agreement with the c-axis of the Ir 3 Y unit cell (2.6022 nm).
Heterogeneous nucleation of Ir 3 Y precipitates
Microstructure observation clearly depicts that a number of stacking faults have developed within the Ir 2 Y matrix of the as-cast Ir-30Y alloys shown in Figs. 4(a) and (b) . The reason for the planar fault development is not clear, but their formation has been speculated to occur from the thermal shock during cooling following arc-melting. Planar faults have been known to become potent heterogeneous nucleation sites for a subsequent precipitation reaction. 25) Some traces of the heterogeneous nucleation of Ir 3 Y precipitates on planar faults have been observed in this study. Figure 10 exhibits an HRTEM image showing a thin plate of Ir 3 Y precipitate that formed in the Ir 2 Y matrix, together with the simulation images on the right side of the micrograph. Under the defocused condition, the Y columns appear as the brightest spots. The interface is characterized by the same type as that in Fig. 7 (a) or (c), which are substantially indistinguishable as mentioned in Section 3.3. By defining their interface as shown by the broken lines, the thickness of the precipitate is evaluated to be 2/3 of the c-axis of the Ir 3 Y unit cell. In Fig. 10 , the dotted lines are drawn on the micrograph to visualize the translation between the upper and lower Ir 2 Y matrix across the Ir 3 Y precipitate. The upper and lower Ir 2 Y crystals are translated by À2=3, which is identical to the translation by the synchroshear 15, [26] [27] [28] [29] in C15 compounds, i.e. either of the vectors shown in Fig. 5(e) . If an Ir 3 Y plate with its thickness being equal to the c-axis of the unit cell were to form on this planar fault, the K-layers of the two phases would never coincide at the interface. Therefore, the formation of Ir 3 Y precipitates that is smaller than its unit cell can be regarded as a consequence of maintaining the coherency between the precipitate terrace and the Ir 2 Y matrix at the interface.
Discussions

Kinetics of ledge growth
The Ir 3 Y precipitates have been demonstrated to exhibit a ledgewise growth. Since the rate of lateral migration of a growth ledge is governed by the diffusivity of atoms ahead of the ledge, ledges with a smaller height can migrate faster. 25) Generally, the height of growth ledges is discrete; ranging from a single atom layer to, sometimes, hundreds of atom layers high. 25, 30) Such a widely ranging ledge height in various systems is considered to result from the elastic strain effects associated with the riser. 30, 31) In this study, the observed ledge height is equivalent to the c-axis of the Ir 3 Y (2.6022 nm), or 2/3 of the c-axis (1.733 nm) when nucleated on stacking faults. Although these ledge heights may not be small in general, the precipitation has already progressed to some extent in the as-cast condition. Thus, a discussion on the kinetics of the ledge growth for Ir 3 Y precipitates in an as-cast Ir-30Y alloy is worthwhile.
Assuming that the rate of ledge nucleation is constant, the rate of lateral migration of a ledge u, and the thickening rate v of a plate-like precipitate are given by: 25) u
where D is the interdiffusion coefficient, is the degree of supersaturation, h is the ledge height, is the ledge spacing, and k is a numerical constant close to unity. From the SEM and TEM micrographs shown in Fig. 2(a) and 4(a) , the dimensions of the largest Ir 3 Y precipitates formed in an ascast Ir-30Y alloy are about 50 nm in thickness and 20 mm in length. Although the cooling following arc-melting is a continuous cooling process, we assume here that this cooling corresponds to the isothermal annealing at temperature with an interdiffusion coefficient D for 10 s, followed by rapid quenching. Based on this assumption, the growth rates along the lateral and thickness directions are defined to be u ¼ 2 Â 10 À6 (m/s), and v ¼ 2:5 Â 10 À9 (m/s), respectively. The degree of supersaturation can be evaluated as 0.45 from the phase diagram shown in Fig. 1 . By substituting these values, as well as h ¼ 2:6022 Â 10 À9 (m) and k ¼ 1 to eq. (4) and (5); D and are deduced as 1:1 Â 10 À14 (m 2 /s) and 2 (mm), respectively.
Upon examining an as-cast Ir-30Y alloy, we found that the interfaces between Ir 3 Y and Ir 2 Y are very smooth for several hundreds of nm, and such growth ledges shown in Fig. 9 are not often observed. Considering that the above estimation is quite rough and that the ledge spacing often exhibits a large scatter, 30) the estimation of a ledge spacing of 2 mm seems to be acceptable. At the same time, the above estimation suggests that atomic diffusivity that is equivalent to 1:1 Â 10 À14 (m 2 /s) for 10 (s) is required during cooling from the melt. There are no data available for the melting temperature and diffusion coefficients of Ir 2 Y, but some are available for other Laves compounds. The extrapolation of the diffusion coefficients at the melting temperatures of Co 2 Nb, Zn 2 Mg, and Fe 2 Ti has been reported to be ranging from 10 À11 to 10 À13 (m 2 /s), 32, 33) which is in reasonable agreement with that of the bcc and fcc metals.
34) The diffusion coefficient of 10 À14 (m 2 /s) is attained at around 0:75T m $ 0:95T m , where T m is the melting temperature. Moreover the interdiffusion coefficient of Co 2 Nb shows a strong compositional dependence, where the defect mechanism in a Co-rich Co 2 Nb is the anti-site substitution, as in the Ir 2 Y phase, and the diffusion is more enhanced with a larger degree of off-stoichiometry. 33) Therefore, the atomic diffusivity that is equivalent to 10 À14 (m 2 /s) for 10 (s) seems to be attainable during cooling from the melt. These considerations support the feasibility of the kinetics of microstructure development by ledgewise growth with a 2.6 nm ledge height in the as-cast condition.
Nucleation of growth ledges
In the previous section, the ledge spacing at the early stage of precipitation was estimated to be roughly around 2 mm. This large ledge spacing suggests that ledge nucleation is the rate controlling mechanism for the growth of Ir 3 Y precipitates. In general, new ledges are often nucleated heterogeneously at the grain boundaries, the corner of the precipitate, and the point of contact with another precipitate. 25) Another heterogeneous nucleation site for Ir 3 Y precipitation is a planar fault that developed within the Ir 2 Y matrix, as shown in Fig. 10 .
One of the important results in this study is that the ledge height that secures the coherent interface has been chosen for the growth ledges. This criterion is derived from Fig. 9 , which shows the formation of a new growth ledge on a terrace, and from Fig. 10 showing an initial nucleation of a ledge on a planar fault. The ledge height is often subordinated by the elastic strain normal to the precipitate habit plane around the riser. 30, 31) Based on the lattice parameters of the annealed alloy determined by XRD, the misfit between the two phases along the normal direction to the precipitate habit plane can be evaluated to be 0.05%. This small misfit implies that the elastic strain effects associated with the riser on the favored ledge height may not be significant. Figure 11 shows an HRTEM image taken in the vicinity of an Ir 3 Y/Ir 2 Y interface. Some stacking faults have been found to develop within the Ir 3 Y precipitate, and the thickness of some precipitate variants is smaller than the Ir 3 Y unit cell. The reason for the stacking fault development is not clear, but their formation is speculated to be related with the kinetics of the nucleation of growth ledges. In Section 3.3, two orientation variants are shown to be present on the fixed planar parallelism. When the stacking sequence of the Klayers in the Ir 2 Y matrix is fixed to be
, the stacking in the Ir 3 Y precipitate of the V1 variant is
in the V2 variant. This means that the ledge height that secures the coherent interface at the Klayers can be reduced by the introducing a new ledge of another orientation variant with 1/3 or 2/3 the height of the c-axis on the terrace. The reduction in the height of a new ledge would be kinetically advantageous, since the required size for the ledge nuclei becomes smaller. The counterpart barrier, however, is the stacking fault energy in the Ir 3 Y phase. No information is available on the stacking fault energies of Ir 3 Y and Ir 2 Y; however, some is available for other C15 Laves compounds: Cr 2 Zr, Cr 2 Nb, and Cr 2 Ta. Their stacking fault energies range from 25 to 120 mJ/m 2 , [35] [36] [37] [38] [39] [40] which is comparable to that of Cu, and lower than that of Ni and Al. 41) Therefore, the stacking fault energies of Ir 2 Y and Ir 3 Y are not speculated to be very high. These facts suggest that the development of multiple staking faults within the Ir 3 Y precipitates may be related to the degree of the ease of ledge nucleation on the basis of the coherent interface securing on the terrace. Future work should be addressed for a further elucidation of the nucleation event.
Conclusions
A Laves phase Ir 2 Y that appears in the Ir-Y binary system exhibits a homogeneity range where the solubility limit extends toward the Ir-rich composition at high temperatures. Anti-site substitution has been shown to occur as the defect mechanism in an Ir-rich Ir 2 Y phase. 
